Nano-powder coating can make fault surfaces smooth and shiny : implications for fault mechanics? by De Paola,  N.
Durham Research Online
Deposited in DRO:
16 February 2016
Version of attached ﬁle:
Accepted Version
Peer-review status of attached ﬁle:
Peer-reviewed
Citation for published item:
De Paola, N. (2013) 'Nano-powder coating can make fault surfaces smooth and shiny : implications for fault
mechanics?', Geology., 41 (6). pp. 719-720.
Further information on publisher's website:
http://dx.doi.org/10.1130/focus062013.1
Publisher's copyright statement:
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
Publisher: GSA 
Journal: GEOL: Geology 
Article ID: June Focus 
Page 1 of 10 
Nano-powder coating can make fault surfaces smooth and 1 
shiny: implications for fault mechanics? 2 
Nicola De Paola 3 
Rock Mechanics Laboratory, Earth Sciences Department, Durham University, South 4 
Road DH1 3LE, Durham, UK 5 
Field and microstructural observations on exhumed, inactive, fault segments in 6 
plate margin systems show that most of the upper crustal slip occurs in zones with a 7 
thickness of less than a few tens of mm (Chester et al., 1993; Wibberley and Shimamoto, 8 
2003). Slip zones in carbonate rocks show extreme slip localization within zones of less 9 
than a few hundreds of microns, commonly bounded by sharp principal slip surfaces 10 
which accommodate most seismic slip during earthquakes (De Paola et al., 2008; 11 
Fondriest et al., 2012; Smith et al., 2011).  12 
Siman-Tov et al. (2013, p. 703 in this issue of Geology) observed that carbonate 13 
faults along the active Dead Sea Transform are characterized by naturally polished, 14 
reflective and glossy surfaces, termed fault mirrors (FMs). At the microscale, the FM slip 15 
zones consist of a <1 µm layer of tightly packed nanoscale grains, coating a thicker layer 16 
made of twinned and elongated µm-size calcite crystals, produced by plastic deformation. 17 
Siman-Tov et al. propose a ‘plastic-brittle’ mechanism to explain the formation of 18 
nanoparticles, whose nanosize is controlled by the “long” and “thin” beams of calcite 19 
crystals plastically deformed by twinning, and broken into nano-grains by brittle 20 
deformation. The nanograin layer localizes slip and deforms by bulk ductility. Other 21 
models proposed to produce nanograins rely on chemical-physical reactions triggered by 22 
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frictional heating (De Paola et al., 2011; Han et al., 2010; Han et al., 2007) or shock-23 
waves (Sammis and Ben-Zion, 2008), due to fast sliding during an earthquake. FMs have 24 
extremely smooth surface topography, with mean roughness of <100 nm for lateral scales 25 
below 550 nm (Siman-Tov et al., 2013). They are characterized by a Rayleigh roughness 26 
and a different structure at scales <1µm (Siman-Tov et al., 2013), compared to the self-27 
affine roughness ranging from a few µm to km, as seen in  studies on polished principal 28 
slip surfaces (Sagy et al., 2007). Siman-Tov et al. characterized the attributes and 29 
roughness of FM surfaces at the sub-µm scale, largely overlooked in previous studies, but 30 
critical in controlling the frictional behavior of faults.  31 
The friction between sliding fault surfaces controls the initiation, propagation and 32 
termination of slip during earthquakes (Scholz, 1998). Leonardo Da Vinci first 33 
recognized that friction on the contact surface between sliding bodies is related to the 34 
ratio between the applied normal (Fn) and tangential shear (Fs) forces. Amontons (1699) 35 
observed that the friction between two sliding bodies does not depend on the macroscopic 36 
contact area, A, and that the shear force Fs is linearly proportional to the applied normal 37 
force, Fn, with the constant of proportionality, the sliding friction coefficient µ = Fs/Fn 38 
(Amontons’ Law). The applied Fn is supported by a real contact area, Ar, made by a 39 
population of microcontacts (e.g., asperities), a small fraction of the macroscopic 40 
contactarea A (i.e., Ar <<A) (Bowden and Tabor, 1950). According to this adhesion 41 
theory, plastic yielding at asperities is expected as normal stresses approach the material 42 
yield strength. The effective shear strength of welded asperities must be overcome to 43 
slide. The main goal of adhesion theory is to develop a conceptual framework explaining 44 
Publisher: GSA 
Journal: GEOL: Geology 
Article ID: June Focus 
Page 3 of 10 
why macroscopic friction µ does not depend on the macroscopic contact area A, and why 45 
the macroscopic Fs is linearly proportional to the applied Fn (Scholz, 2002). 46 
The conceptual framework of adhesion theory applies to the rate and state theory 47 
of friction, explaining the observed velocity and time dependence (Dieterich, 1979; 48 
Ruina, 1983), controlling the initiation of unstable sliding and earthquake nucleation, and 49 
mechanical healing of faults necessary to reset fault strength between failure events 50 
(Marone, 1998; Scholz, 1998). Static friction increases with the logarithm of time, 51 
interpreted as being due to the increase of contact area with contact age during 52 
interpenetration and creep of asperities, while contact size distribution is insensitive to 53 
time and normal stress (Dieterich and Kilgore, 1994). Sliding friction is velocity-54 
dependent, and with a change in velocity evolves to new steady-state values over a finite 55 
critical slip distance, Dc (Dieterich, 1979; Ruina, 1983; Marone, 1998). Dc might be the 56 
slip necessary to renew a surface contact and scales with the sliding surface roughness 57 
(Marone, 1998). The conceptual framework of adhesion theory has been widely used to 58 
explain macroscale frictional behavior, but deviations from single asperity theories have 59 
sometimes been observed at the nanoscale, and attributed to the break-down of 60 
continuum mechanics (Mo et al., 2009; Szlufarska et al., 2008) or to changes in chemical 61 
bonding (Li et al., 2011). Whether asperity models can describe the behavior of contact 62 
asperities at the nano-scale becomes relevant to the case of natural principal slip surfaces 63 
with features similar to FMs (Siman-Tov et al., 2013). 64 
Laboratory friction experiments under low slip rates (a few µm/s), displacements 65 
(<1 cm) and temperatures (T = 25 ºC) (Byerlee, 1978) and static borehole stress 66 
measurements in the brittle crust (Townend and Zoback, 2000) show that faults are 67 
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usually strong (µ = 0.6–0.85; Byerlee’s law). However, recent theoretical (Rice, 2006) 68 
and experimental studies (Di Toro et al., 2011) suggest that the coseismic frictional 69 
strength of faults is much lower (µ = 0.1–0.3) than predicted by Byerlee-type, low-70 
velocity experiments, when slip velocities and displacements are ~ 1 m/s and a few m, 71 
respectively. Friction decreases with fault roughness for submicron size asperities, due to 72 
abrasion by brittle fracture (Byerlee, 1967). Thus, the smoothness of  the slip surfaces 73 
could explain the weakening observed during friction experiments at seismic slip rates 74 
(~1 m/s), where reflective, glossy FMs-like slip surfaces were produced (Han et al., 2010; 75 
Han et al., 2007; Smith et al., 2013). Flash heating may be a viable mechanism for 76 
dynamic weakening in seismic faults on theoretical (Beeler et al., 2008; Rice, 2006) and 77 
experimental (Goldsby and Tullis, 2011) grounds. The operation of flash heating in 78 
natural seismic faults with FMs-like ultra-smooth nature (Siman-Tov et al., 2013) could 79 
be questioned, as unrealistically high slip rates would be required for surfaces with such 80 
nanoscale asperities (Han et al., 2010,2011; De Paola et al., 2011; Tisato et al., 2012). 81 
Asperity sliding may occur by shearing through the interlocked asperities and 82 
large amount of wear are predicted and commonly observed along natural fault surfaces 83 
(Scholz, 2002). During recent friction experiments performed in granite rocks at sub- and 84 
seismic slip rates, fault lubrication has been observed when a critical gouge layer 85 
thickness is reached, and able to act as a “third body” type lubricant which separates the 86 
two sliding surfaces (Reches and Lockner, 2010). FM-like slip surfaces were also formed 87 
during friction experiments performed at seismic slip rates in carbonate rocks, when 88 
dramatic fault lubrication was also observed and interpreted as being due to the 89 
development of nano-powders of lime coating the sliding surfaces (Han et al., 2010). 90 
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Further experimental work performed at fast slip rates on nano-powders has shown that 91 
such materials can coat FM-like slip surfaces, making them very smooth; rounded 92 
nanoparticles can start rolling along them rather than sliding, switching from high sliding 93 
friction to low rolling friction (Han et al., 2011). However, nanopowder friction is 94 
strongly rate-dependent, as at low slip rates these materials display a high friction (Han et 95 
al., 2011); the role played by adhesion at low slip rates needs to be further investigated. 96 
The nano-powders coating the natural FMs slip surfaces (Siman-Tov et al., 2013) could 97 
act as a solid lubricant, in a similar fashion to what is observed in industry and inferred 98 
from FMs produced during friction experiments at seismic slip rates. Granular lubricants 99 
(particle size ~1 mm) consist of dry, cohesionless hard particles, and powder lubricants 100 
(particle size ~1 µm) of dry, cohesive, soft particles (Wornyoh et al., 2007). During 101 
sliding at low slip rates, granular particles undergo nearly elastic collisions and can slip, 102 
roll and collide with the surface, whereas powders undergo completely inelastic collision 103 
and can coalesce, producing a thin lubricating film protecting tribo-surfaces (Wornyoh et 104 
al., 2007). The frictional behavior of nano-powders at low and high seismic slip rates, 105 
however, is poorly understood and should be vigorously investigated, as they may hold 106 
the key to what controls the structure and frictional behavior of seismic fault zones 107 
(Siman-Tov et al., 2013). 108 
Overall, Siman-Tov et al. will stimulate future studies of natural fault surfaces 109 
trying to understand the interplay between plastic/ductile and brittle deformation and its 110 
role in producing nanopowder coatings. It remains at present unclear whether FMs are 111 
unambiguous indicators of seismic slip. Future experimental work should be aimed at 112 
characterizing frictional properties and behaviors of nano-powders and smooth surfaces 113 
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for a range of pressures, temperatures, pore fluid pressures, and slip rates typical of brittle 114 
crust faults. The challenge will be to bridge the gap between the mechanisms controlling 115 
the frictional behavior of faults at the macro-, micro-, and nano-scale. 116 
ACKNOWLEDGMENTS 117 
NDP gratefully acknowledges critical comments from E. Thomas, R. Bullock, C. 118 
Collettini, G. Di Toro, R.E. Holdsworth, S. Nielsen and B. Zhu, and support from NERC, 119 
Standard Grant NE/H021744/1. 120 
REFERENCES CITED 121 
Beeler, N.M., Tullis, T.E., and Goldsby, D.L., 2008, Constitutive relationships and 122 
physical basis of fault strength due to flash heating: Journal of Geophysical 123 
Research, Solid Earth, v. 113, no. B1, doi:10.1029/2007JB004988. 124 
Bowden, F.P., and Tabor, D., 1950, The friction and lubrication of solids: Part 1: Oxford, 125 
Clarendon Press. 126 
Byerlee, J., 1978, Friction of Rocks: Pure and Applied Geophysics, v. 116, p. 615–626, 127 
doi:10.1007/BF00876528. 128 
Byerlee, J.D., 1967, Theory of friction based on brittle fracture: Journal of Applied 129 
Physics, v. 38, p. 2928, doi:10.1063/1.1710026. 130 
Chester, F.M., Evans, J.P., and Biegel, R.L., 1993, Internal Structure and weakening 131 
mechanisms of the San Andreas Fault: Journal of Geophysical Research, Solid Earth, 132 
v. 98, no. B1, p. 771–786, doi:10.1029/92JB01866. 133 
De Paola, N., Collettini, C., Faulkner, D.R., and Trippetta, F., 2008, Fault zone 134 
architecture and deformation processes within evaporitic rocks in the upper crust: 135 
Tectonics, v. 27, TC4017, doi:10.1029/2007TC002230. 136 
Publisher: GSA 
Journal: GEOL: Geology 
Article ID: June Focus 
Page 7 of 10 
De Paola, N., Hirose, T., Mitchell, T., Di Toro, G., Viti, C., and Shimamoto, T., 2011, 137 
Fault lubrication and earthquake propagation in thermally unstable rocks: Geology, 138 
v. 39, p. 35–38, doi:10.1130/G31398.1. 139 
Di Toro, G., Han, R., Hirose, T., De Paola, N., Nielsen, S., Mizoguchi, K., Ferri, F., 140 
Cocco, M., and Shimamoto, T., 2011, Fault lubrication during earthquakes: Nature, 141 
v. 471, p. 494, doi:10.1038/nature09838. 142 
Dieterich, J. H., 1979, Modeling of Rock Friction: 1. Experimental Results and 143 
Constitutive Equations: Journal of Geophysical Research, v. 84, p. 2161–2168. 144 
Dieterich, J.H., and Kilgore, B.D., 1994, Direct observation of frictional contacts—New 145 
insights for state-dependent properties: Pure and Applied Geophysics, v. 143, 146 
p. 283–302, doi:10.1007/BF00874332. 147 
Fondriest, M., Smith, S.A.F., Di Toro, G., Zampieri, D., and Mittempergher, S., 2012, 148 
Fault zone structure and seismic slip localization in dolostones; An example from the 149 
Southern Alps, Italy: Journal of Structural Geology, v. 45, p. 52–67, 150 
doi:10.1016/j.jsg.2012.06.014. 151 
Goldsby, D.L., and Tullis, T.E., 2011, Flash heating leads to low frictional strength of 152 
crustal rocks at earthquake slip rates: Science, v. 334, p. 216–218, 153 
doi:10.1126/science.1207902. 154 
Han, R., Hirose, T., and Shimamoto, T., 2010, Strong velocity weakening and powder 155 
lubrication of simulated carbonate faults at seismic slip rates: Journal of Geophysical 156 
Research, Solid Earth, v. 115, doi:10.1029/2008JB006136. 157 
Publisher: GSA 
Journal: GEOL: Geology 
Article ID: June Focus 
Page 8 of 10 
Han, R., Hirose, T., Shimamoto, T., Lee, Y., and Ando, J., 2011, Granular nanoparticles 158 
lubricate faults during seismic slip: Geology, v. 39, p. 599–602, 159 
doi:10.1130/G31842.1. 160 
Han, R., Shimamoto, T., Hirose, T., Ree, J.H., and Ando, J., 2007, Ultralow friction of 161 
carbonate faults caused by thermal decomposition: Science, v. 316, p. 878–881, 162 
doi:10.1126/science.1139763. 163 
Li, Q.Y., Tullis, T.E., Goldsby, D., and Carpick, R.W., 2011, Frictional ageing from 164 
interfacial bonding and the origins of rate and state friction: Nature, v. 480, p. 233–165 
236, doi:10.1038/nature10589. 166 
Marone, C., 1998, Laboratory-derived friction laws and their application to seismic 167 
faulting: Annual Review of Earth and Planetary Sciences, v. 26, p. 643–696, 168 
doi:10.1146/annurev.earth.26.1.643. 169 
Mo, Y.F., Turner, K.T., and Szlufarska, I., 2009, Friction laws at the nanoscale: Nature, 170 
v. 457, p. 1116–1119, doi:10.1038/nature07748. 171 
Reches, Z., and Lockner, D.A., 2010, Fault weakening and earthquake instability by 172 
powder lubrication: Nature, v. 467, p. 452–455, doi:10.1038/nature09348. 173 
Rice, J.R., 2006, Heating and weakening of faults during earthquake slip: Journal of 174 
Geophysical Research, Solid Earth, v. 111, no. B5, doi:10.1029/2005JB004006. 175 
Ruina, A., 1983, Slip instability and state variable friction laws: Journal of Geophysical 176 
Research, v. 88, p. 359–370. 177 
Sagy, A., Brodsky, E.E., and Axen, G.J., 2007, Evolution of fault-surface roughness with 178 
slip: Geology, v. 35, p. 283–286, doi:10.1130/G23235A.1. 179 
Publisher: GSA 
Journal: GEOL: Geology 
Article ID: June Focus 
Page 9 of 10 
Sammis, C.G., and Ben-Zion, Y., 2008, Mechanics of grain-size reduction in fault zones: 180 
Journal of Geophysical Research, Solid Earth, v. 113, no. B2, 181 
doi:10.1029/2006JB004892. 182 
Scholz, C.H., 1998, Earthquakes and friction laws: Nature, v. 391, p. 37–42, 183 
doi:10.1038/34097. 184 
Scholz, C.H., 2002, The mechanics of earthquakes and faulting, Second Edition: 185 
Cambridge, UK, Cambridge University Press. 186 
Siman-Tov, S., Aharonov, E., Sagy, A., and Emmanuel, S., 2013, Nanograins form 187 
carbonate fault mirrors: Geology, v. 41, p. 703–706, doi:10.1130/G34087.1. 188 
Smith, S.A.F., Billi, A., Di Toro, G., and Spiess, R., 2011, Principal slip zones in 189 
limestone: microstructural characterization and implications for the seismic cycle 190 
(Tre Monti Fault, Central Apennines, Italy): Pure and Applied Geophysics, v. 168, 191 
p. 2365–2393, doi:10.1007/s00024-011-0267-5. 192 
Smith, S.A.F., Di Toro, G., Kim, S., Ree, J.H., Nielsen, S., Billi, A., and Spiess, R., 2013, 193 
Coseismic recrystallization during shallow earthquake slip: Geology, v. 41, p. 63–66, 194 
doi:10.1130/G33588.1. 195 
Szlufarska, I., Chandross, M., and Carpick, R.W., 2008, Recent advances in single-196 
asperity nanotribology: Journal of Physics, D, Applied Physics, v. 41, 197 
doi:10.1088/0022-3727/41/12/123001. 198 
Tisato, N., Di Toro, G., De Rossi, N., Quaresimin, M., and Candela, T., 2012, 199 
Experimental investigation of flash weakening in limestone: Journal of Structural 200 
Geology, v. 38, p. 183–199, doi:10.1016/j.jsg.2011.11.017. 201 
Publisher: GSA 
Journal: GEOL: Geology 
Article ID: June Focus 
Page 10 of 10 
Townend, J., and Zoback, M.D., 2000, How faulting keeps the crust strong: Geology, 202 
v. 28, p. 399–402, doi:10.1130/0091-7613(2000)28<399:HFKTCS>2.0.CO;2. 203 
Wibberley, C.A.J., and Shimamoto, T., 2003, Internal structure and permeability of major 204 
strike-slip fault zones: The median tectonic line in Mie Prefecture, southwest Japan: 205 
Journal of Structural Geology, v. 25, p. 59–78, doi:10.1016/S0191-8141(02)00014-7. 206 
Wornyoh, E.Y.A., Jasti, V.K., and Higgs, C.F., 2007, A review of dry particulate 207 
lubrication: Powder and granular materials: Journal of Tribology, Transactions of the 208 
American Society of Mechanical Engineers, v. 129, no. 2, p. 438–449. 209 
